were prepared using mechanochemical syntheses. The materials with cubic rock-salt structure were obtained over the full range of compositions (Li (8+x)/3 Ti (4¹4x)/3 Nb x S 4 ; 0 ¼ x ¼ 1). Lithium, titanium, and niobium randomly share the cationic site. Each material showed electrode activity and had a large reversible capacity of more than 350 mAh g ¹1 with more than 3 electron process per composition formulas of Li (8+x)/3 Ti (4¹4x)/3 Nb x S 4 .
Introduction
There is great demand for the development of innovative, rechargeable batteries with high energy densities. We have developed a lithium/metal polysulfide battery as a potential candidate for this application. We (AIST) and Osaka Prefecture University have proposed that transition metal sulfide materials with high sulfur compositions, such as amorphous polysulfides of titanium, niobium, and molybdenum, 1)5) and rock-salt lithium transition metal sulfides such as Li 2 TiS 3 and Li 3 NbS 4 with space group Fm3m 6)8) can act as electrode active materials with large capacities. These compounds exhibit high reversible capacities of ca. 400 mAh g ¹1 , which are two to three times larger than those of practical positive electrode materials, although the potential thereof is almost halved (ca. 2 V). Additionally, they also have high potential for long cycling performances. 6)8) As an example, we reported that Li 3 NbS 4 could be charged and discharged without drastic capacity fading for more than 200 cycles in the all-solid-state cells. 8) There are few reports on quaternary mixed sulfides with rocksalt structure and high lithium ratios. Many more of these new materials should have become available on the market, but this is not the case. This is predominantly due to the complex synthesis of lithium-containing transition metal sulfides, because of their high reactivity with moisture and the high vapor pressure of sulfur. We have reported the straightforward synthesis of lithiumcontaining transition metal sulfides, readily prepared by a mechanochemical process using ball milling.
6),7) The cubic rock-salt Li 2 TiS 3 and Li 3 NbS 4 prepared using this process show similar lattice parameters of ca. 5.06 and 5.13 ¡, respectively. It is therefore expected that a solid solution be obtainable between them for a wide range of compositions.
In this paper, we report the solid solution of cubic rock-salt Li 2 TiS 3 (Li 8/3 Ti 4/3 S 4 ) and Li 3 NbS 4 , prepared by mechanochemical synthesis. In the cubic rock-salts of Li 2 TiS 3 and Li 3 NbS 3 , Li/Ti and Li/Nb randomly share the cationic site. An interesting aspect of the preparation of solid solutions between rock-salt type Li 2 TiS 3 and Li 3 NbS 4 , is investigating whether the cubic rock-salt structure in which lithium (Li), titanium (Ti), and niobium (Nb) share the cationic site is obtainable for a full range of compositions. Material costs and investigating whether properties such as capacity and conductivity are tunable in the formation of solid solutions are also important.
Experimental
Lithium titanium niobium sulfides with the composition Li (8+x)/3 Ti (4¹4x)/3 Nb x S 4 (where x = 0, 0.31, 0.57, 0.80, and 1) were prepared from lithium sulfide (Li 2 S, 99.9%, Mitsuwa Pure Chemicals), titanium sulfide (IV) (TiS 2 , 99.9%, High Purity Chemicals), niobium sulfide (IV) (NbS 2 , 99%, High Purity Chemicals), and sulfur (S 8 ) as starting materials. The compositions are listed in Table 1 . The chemical composition shown in the Table 1 is nominal composition estimated from the chemical composition of the starting materials.
The samples were directly synthesized by mechanochemical synthesis at room temperature using a planetary ball mill apparatus (P-7, Fritsch GmbH). Stoichiometric amounts of starting materials were weighed and mixed, and the mixture was placed into a zirconia pot (45 mL) along with 500 zirconia balls (4 mm in diameter). The pot was then placed in an argon-filled glove box.
The rotation speed of ball milling was fixed at 510 rpm. Black powders were obtained for all of the samples.
The powder compressed pellets for the electronic conductivity measurements were prepared by pressing the obtained sample powders at 360 MPa at room temperature.
Powder X-ray diffraction (P-XRD) measurements were performed at room temperature with a step size of 0.05°using a D8 ADVANCE (Bruker AXS) diffractometer operating with Cu K¡ radiation. An air-sealing holder was used to avoid exposure to air. Lattice parameters were estimated by pattern fitting of XRD patterns with rock-salt structures using the TOPAS program (Bruker AXS).
The X-ray total scattering measurements for the X-ray pair distribution function (PDF) analysis were performed at SPring-8 BL28XU.
9) The incident X-ray energy was 38.0 keV, and a Si (220) crystal (2d = 3.840 ¡) monochromator was used. The analyzed Q-range was 0.714 ¡
¹1
. The intensities of the incident X-rays were monitored in an ionization chamber filled with Ar gas, while the scattered X-rays were detected with a CdTe detector. A vacuum chamber was used to suppress air scattering. The collected data sets were corrected for the absorption, background, and polarization effects. Details of the correction and normalization procedures have been reported elsewhere. 10) The model structure has been constructed by density functional theory-based molecular dynamics (DFT-MD) simulations. The simulations were performed using OpenMX.
11) The exchange correlation functional used was GGA-PBE. The cut-off energy was 210 Ry. The basis functions (cut-off radius/orbital structure) used were 7.0 Bohr/s . A norm-conserving pseudopotential was used. Eigenvector following algorism was used as the structure optimization. The atomic models were described using VESTA software. 12) The electrochemical cells used to test the samples were also constructed in an argon-filled glove box. The working electrodes were prepared using the active materials, acetylene black, and polytetrafluoroethylene (PTFE) with a weight ratio of 10:1:1. The loading of active materials was ca. 10 mg cm
¹2 . An 1 M solution of LiPF 6 in a 50/50 (v/v) mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) (Tomiyama Pure Chemical Industries Ltd.) was used as the electrolyte. The counter electrode consisted of a Li foil disk (15 mm diameter, 0.2 mm thickness). The electrochemical measurements were performed at 30 C using a chargedischarge unit (TOSCAT-3100, Toyo System) at a current density of 10 mA g ¹1 (0.1 mA cm
¹2
). The cut-off voltages for charging and discharging were 3.0 and 1.5 V, respectively.
Results and discussion
Figures 1(a) and 1(b) shows the XRD patterns of the obtained samples. Each sample exhibited similar patterns and were identified as cubic rock-salt structure as seen in Fig. 1(c) . In this structure, Li, Ti, and Nb atoms randomly share the cationic (4a) site as [Li, Ti, Nb] 4a [S] 4b in rock-salt structure formation (Fm 3m). The positions of diffraction peaks shifted to low angles on increasing the niobium ratio. The calculated lattice parameter also increased with increasing niobium ratio as depicted in Fig. 1(d) . This suggests that solid solutions between Li 2 TiS 3 and Li 3 NbS 4 were obtained. It is observed that three elements with different atomic sizes randomly share the same site. These materials should be obtained by the process used to prepare metastable materials, like the mechanochemical synthesis used in this study. Additional broad peak in the 2ª range of 1020°were observed. The peak would be attributable to non-Bragg diffraction which includes the information on short range order of usually less than 10 ¡. The intensity increased with increasing Nb content, which would be because Nb show higher scattering factor than Ti. (Fig. S1 ) indicated that the distances of some firstneighbor NbS and second-neighbor NbNb pairs, which are respectively observed at the distance around 2.5 and 3.5 ¡, are longer than those expected from average structure indexed into the rock salt structure. This leads to the decrease of the crystallinity of the sample. Thus, the middle range order in the compounds with Nb rich composition is relatively weak compared to those with Ti rich one. Table 1 summarizes the electronic conductivity of the powder compressed pellets, and contains information regarding the density, calculated by lattice parameters obtained by XRD measurements (d XRD ); the powder true density, obtained using a gas pycnometer (d pow ); the reversible capacity in chargedischarge performance, and the composition range of z in the composition formula Li z Ti (4¹4x)/3 Nb x S 4 during charging and discharging. The conductivities of the samples x = 0, 0.31, 0.57, and 0.80 were of the order of 10 ¹5 S cm ¹1 in this study, and a dramatic increase in conductivity by the addition of small amounts of Nb was not observed. The d XRD and d POW showed similar values in all samples although d XRD tended towards slightly higher values. After considering that d POW includes the volume of closed pores inside of the particles, the obtained densities are reasonably sound. Figure 3 shows chargedischarge curves with the number of lithium atoms (z) per formula unit Li z Ti (4¹4x)/3 Nb x S 4 as the X-axis. The density increased with increasing Nb ratio, and each sample charged and discharged with reversible capacities of 356386 mAh g ¹1 in this study. The lithium composition z in Li z Ti (4¹4x)/3 Nb x S 4 ranges between ca. 0.5 and over 3.5, suggest- ing that more than 3 lithium ions are extracted and inserted in the structure of Li z Ti (4¹4x)/3 Nb x S 4 during charging and discharging. These results essentially agree with the previous reports on Li 2 TiS 3 (Li 8/3 Ti 4/3 S 4 ) and Li 3 NbS 4 .
6), 8) Although the gravimetric capacities slightly decrease with increasing Nb ratio, the volumetric capacities are almost similar in each sample because of the increase in density and the similar cell volume. For decreasing conducting additives and high performance, high electronic conductivity is favorable. Although a dramatic increase in conductivity was not obtained by the addition of small amounts of Nb, it is relatively easy to increase the conductivity by preparing nanocomposites using conductive carbon and transition metal sulfides by mechanical milling.
3),13) This is one of the many advantages of the mechanochemical process.
Conclusion
In this study, we successfully developed a Li 2 TiS 3 Li 3 NbS 4 solid solution by mechanochemical synthesis. In the solid solution, three elements of Li, Ti, and Nb randomly share the same cationic site. They act as electrode active materials over full composition ranges and show large reversible capacities of over 350 mAh g
¹1
. It has been reported that Ti and Nb polysulfides show large capacities over wide ranges of Li composition and various crystalline phases including rock-salt, antifluorite, and amorphous phases. 7) These results clearly indicate that we are able to develop new sulfide-based electrode materials, and that more may be produced in future by choosing among the many options of compositions available.
